Abstract Amyloid precursor-like protein 2 (APLP2) is a ubiquitously expressed protein. The previously demonstrated functions for APLP2 include binding to the mouse major histocompatibility complex (MHC) class I molecule H-2K d and down regulating its cell surface expression. In this study, we have investigated the interaction of APLP2 with the human leukocyte antigen (HLA) class I molecule in human tumor cell lines. APLP2 was readily detected in pancreatic, breast, and prostate tumor lines, although it was found only in very low amounts in lymphoma cell lines. In a pancreatic tumor cell line, HLA class I was extensively co-localized with APLP2 in vesicular compartments following endocytosis of HLA class I molecules. In pancreatic, breast, and prostate tumor lines, APLP2 was bound to the HLA class I molecule. APLP2 was found to bind to HLA-A24, and more strongly to HLA-A2. Increased expression of APLP2 resulted in reduced surface expression of HLA-A2 and HLA-A24. Overall, these studies demonstrate that APLP2 binds to the HLA class I molecule, co-localizes with it in intracellular vesicles, and reduces the level of HLA class I molecule cell surface expression.
Introduction
Amyloid precursor-like protein 2 (APLP2) is a ubiquitous protein anchored at the plasma membrane by a transmembrane domain, which can be cleaved to permit secretion of the APLP2 ectodomain [43] . Increased levels of APLP2 have been reportedly expressed by some tumors [1, 10] . APLP2 was found to be one of the genes most often diVerentially expressed in a comparison between cases of ductal carcinoma in situ and invasive ductal carcinoma, with an average expression level 13.7-fold higher in invasive ductal carcinoma [1] .
APLP2 is active in several physiological processes, including cell adhesion, migration, cell signaling, and cell cycle regulation [6, 16, 20, 32, 49, 55] . APLP2 is conserved between mouse and human, and also bears homology to two other proteins in mammals (amyloid precursor protein and amyloid precursor-like protein 1) and to proteins expressed by Drosophila melanogaster and Caenorhabditis elegans [55] . Amyloid precursor protein inXuences endocytosis of the high-aYnity choline transporter, and APLP2 has also been shown to interact with this transporter, although whether APLP2 is also involved in its endocytosis is unknown [56] . Despite the production of several knockout mouse strains lacking either one or several members of this protein family [2] , the full physiological function of APLP2 remains poorly understood.
Previous studies from our laboratory and others have indicated that APLP2 binds to the mouse MHC class I molecule H2-K d and regulates its expression at the plasma membrane [13, 24, 39, 51, 52] . Interaction between H2-K d and APLP2 is dependent on the presence of 2 -microglobulin [39] . APLP2 binds to the folded 1/ 2 domain region and to a site in the 3/transmembrane/cytoplasmic region of H2-K d [51] . Furthermore, APLP2 modulates the stability and turnover of H2-K d molecules [52] . By transfection systems in human cells, it was shown that elevated expression of APLP2 reduces surface H2-K d expression, whereas APLP2-speciWc siRNA transfection increased surface expression of H2-K d and, to a lesser extent, H2-L d [24, 51, 52] . Interactions between APLP2 and HLA class I molecules have been previously reported, but the interactions were described as weak, the HLA class I allotypes that were tested were not identiWed, and the data were not shown [39] .
Here, we report data showing that APLP2 can also bind to HLA class I molecules in human tumor cells. APLP2 and HLA class I molecules were found co-localized within intracellular vesicular compartments in tumor cells after HLA class I endocytosis. APLP2 co-immunoprecipitated with HLA class I molecules, and exhibited stronger binding to the HLA-A2 allotype than to the HLA-A24 allotype. Finally, elevated intracellular expression of APLP2 resulted in decreased surface expression of HLA class I molecules, suggesting that APLP2 down-regulates HLA class I expression at the plasma membrane. These results suggest a possible role for APLP2 in regulating HLA class I expression on human tumor cells.
Materials and methods

Antibodies
HC10 is a monoclonal antibody directed against unfolded human MHC class I heavy chains [7, 38, 45, 46] . W6/32 is a conformation-dependent monoclonal antibody that detects folded, 2 m-associated HLA class I molecules [7, 24, 36] . Hybridomas producing the W6/32 and HC10 antibodies used for immunoprecipitations and Western blots (respectively) were donated by Dr. Ted Hansen (Washington University, St Louis, MO, USA). For the immunoXuorescence experiments with human cells, a puriWed form of the W6/32 antibody (anti-human HLA-A,B,C antibody) was obtained from Leinco Technologies (St Louis, MO, USA). The antibody that was used for immunoprecipitations of HLA-A24 and Xow cytometry on 721.221 transfectants was an IgG2b monoclonal antibody from One Lambda, Inc. (Canoga Park, CA, USA) that binds both to HLA-A24 and -A23 subtypes. The antibody used for detection of HLA-A24 on MDA-MB435S cells in Xow cytometry experiments was the A11.M antibody [14] , which recognizes HLA-24 and HLA-A11; the A11.M hybridoma was purchased from ATCC (Manassas, VA, USA). The BB7.2 antibody [30] , which recognizes HLA-A2, was produced from a hybridoma obtained from ATCC (Manassas, VA, USA). The antibody recognizing full-length APLP2 was purchased from Calbiochem/EMD Chemicals (San Diego, CA, USA). The anti-FLAG rabbit antiserum was obtained from Cell Signaling Technology, Inc. (Beverly, MA, USA). The antibody for the transferrin receptor was obtained from BD Pharmingen (San Jose, CA, USA). The antibody against EEA1, an early endosome marker [25] , was purchased from BD Transduction Laboratories (San Jose, CA, USA). Secondary antibodies for immunoXuorescence were bought from Invitrogen Molecular Probes (Carlsbad, CA, USA).
Cell lines
The human cell lines used in this study were cultured in RPMI 1640 medium (Invitrogen, Carlsbad, CA, USA) that was supplemented with 15% (vol/vol) fetal bovine serum, 1 mM sodium pyruvate, 2 mM L-glutamine, 100 units/ml penicillin, and 100 g/ml streptomycin. The media of stable transfectants was also supplemented with 0.4 mg/ml G418. The HeLa cell line [36] was a gift from Dr. Wendy Maury (University of Iowa, Iowa City, IA, USA). MCF-7 and MDA-MB435S breast tumor cell lines [3, 44] were obtained from Dr. Kenneth Cowan and Dr. Vinod Labhasetwar, respectively (University of Nebraska Medical Center, Omaha, NE, USA). The human pancreatic tumor cell lines S2-013, SUIT2, and Hs766T [18, 28, 50] were donated by Dr. Michael A. Hollingsworth (University of Nebraska Medical Center, Omaha, NE, USA). S2-013 is a cloned subline of the SUIT-2 human pancreatic tumor cell line, which was originally derived from a liver metastasis [18] . The Huh7 hepatoma cell line and DU145 prostate tumor cell lines [26, 48] were gifts from Dr. Richard MacDonald (University of Nebraska Medical Center, Omaha, NE, USA). The CL-01 and SU-DHL-6 lymphoma cell lines [9, 12] were donated by Dr. John Chan (University of Nebraska Medical Center, Omaha, NE, USA). The A673 Ewing's tumor cell line was purchased from ATCC (Manassas, VA, USA) [22] . The 721.221 cell line is a mutant B lymphoblastoid cell line reported not to express HLA-A, -B, or -C [41, 42] , and which was a gift from Dr. Ted Hansen (Washington University, St Louis, MO, USA).
The 721.221 cell line and the HeLa cell line were stably transfected with the HLA-A*2402 cDNA [23] in the pcDNA 3.1(+) vector (Invitrogen, Carlsbad, CA, USA) (a gift from Drs. Atsunori Hiasa and Hiroshi Shiku, Mie University School of Medicine, Mie, Japan) with the use of the Amaxa Nucleofector (Amaxa, Inc., Gaithersburg, MD, USA). Transient transfections of the HeLa-A24 cells with APLP2 in the pCMV-Tag4A vector (Stratagene, Cedar Creek, TX, USA) were performed with EVectene (Qiagen, Inc., Valencia, CA, USA) at 24 h before staining for confocal analysis. The 721.221 cell line was stably transfected with a HLA-A*0201 cDNA in the pcDNA 3.1(¡) vector (Invitrogen, Carlsbad, CA, USA) to generate the 721.221-A2 cell line. The 721.221-A24 and 721.221-A2 cell lines were transfected, using the Amaxa Nucleofector, with either the pCMV-Tag4A vector or with APLP2-pCMV-Tag4A at 24 h prior to Xow cytometry analysis. The MDA-MB435S cell line was stably transfected with the pCMV-Tag4A vector or APLP2-pCMV-Tag4A by the use of EVectene (Qiagen, Inc., Valencia, CA, USA). The GFP-tagged Rab5 and Rab11 cDNAs [17, 47] in the EGFP vector (Clontech, Mountain View, CA, USA) used in transient transfections to identify early endosomes and recycling endosomes, respectively [8, 15, 34] , were gifts from Dr. Robert Lodge (INRS, Quebec, Canada). To ascertain if the perinuclear compartment in which HLA class I and APLP2 co-localized was the Golgi, a YFP-Golgi construct (Clontech, Mountain View, CA, USA) was transiently transfected into the cells. All transfections were performed using 1 g DNA per 0.5 £ 10 6 cells.
Immunoprecipitations and Western blots
The immunoprecipitations and Western blots were done by procedures similar to published methods [53] . For immunoprecipitations from radiolabeled cell lysates, cells were Wrst grown in methionine-and cysteine-free medium for 30 min and then radiolabeled with [ 35 S]-methionine/cysteine for 30 min. The labeled cells were washed three times with 20 mM iodoacetamide (Sigma-Aldrich, St Louis, MO, USA) in PBS. The cells were lysed with 1% 3-[(3-cholamidopropyl) dimethylammonio]-1-propanesulfonate (CHAPS) in Tris-buVered saline (pH 7.4) containing 20 mM iodoacetamide and freshly added 0.2 mM PMSF and excess antibody, and the lysates were incubated on ice for 1 h before centrifugation. The clariWed lysates were incubated with Protein A-Sepharose beads (Amersham Biosciences, Piscataway, NJ, USA) for 45 min. The beads were washed four times with 0.1% CHAPS in TBS (pH 7.4) and then the immunoprecipitated proteins were eluted from the beads by boiling in 50 l of 0.125 M Tris (pH 6.8)/2% SDS/12% glycerol/0.02% bromophenol blue (1£ elution buVer) for 5 min and loaded onto precast 4 ! 20% acrylamide Trisglycine gels (Invitrogen, Carlsbad, CA, USA). For autoradiography, following electrophoresis the proteins were transferred to Immobilon-P membranes (Millipore, Billerica, MA, USA), which were subsequently dried and exposed to Kodak BioMax Wlm (Eastman Kodak Co., Rochester, NY, USA). For immunoprecipitations from non-radiolabeled cells, the cells were washed in 20 mM iodoacetamide in PBS three times and then treated with CHAPS lysis buVer. Subsequent steps were as described above, except that the membranes were developed as Western blots instead of being dried and exposed to Wlm.
For Western blotting, immunoprecipitated proteins were electrophoresed on precast 4 ! 20% acrylamide Tris-glycine gels and the proteins were then transferred to Immobilon-P blotting membranes (Millipore, Bedford, MA, USA). After blocking overnight in reconstituted dry milk, each blotting membrane was incubated in primary antibody diluted in milk for 2 h, washed three times with 0.05% Tween 20/PBS, and incubated for 1 h in biotin-conjugated goat anti-mouse or anti-rabbit IgG (Caltag Laboratories, San Francisco, CA, USA) diluted 1:2,000 in 0.05% Tween 20/PBS. After three washes with 0.05% Tween 20/PBS, the membranes were incubated for 1 h with streptavidin-conjugated horseradish peroxidase (Zymed, San Francisco, CA, USA) that had been diluted 1:20,000 in 0.05% Tween 20/ PBS. The membranes were then washed with 0.3% Tween 20/PBS three times, and treated with enhanced chemiluminescence Western blot developing reagents (Amersham Biosciences, Piscataway, NJ, USA). The blots were exposed to Wlm to document the bands.
When Western blots were performed on cell lysates without an immunoprecipitation step, the samples were processed prior to electrophoresis as follows. The cells were washed three times in PBS with 20 mM iodoacetamide and lysed in 1£ elution buVer with freshly added 0.2 mM PMSF. The lysates were incubated 1 h on ice and were centrifuged to pellet nuclear material. Samples of the supernatants were boiled before loading onto gels, and blotting and developing was performed as described above.
ImmunoXuorescence analysis
To assess APLP2/HLA class I interaction at steady state, S2-013 cells were grown on glass cover slips and Wxed with 4% (vol/vol) paraformaldehyde in PBS for 10 min. Fixed cells were incubated with mouse anti-HLA-A, B, C antibody and rabbit anti-APLP2 antibody prepared in staining solution [0.2% saponin (wt/vol) and 0.5% (wt/vol) bovine serum albumin in PBS] for 1 h at room temperature. After three PBS washes (5 min/wash), the cells were incubated with Xuorochrome-conjugated secondary antibodies (Alexa Fluor 568 goat anti-mouse and Alexa Fluor 488 goat antirabbit antibodies) in staining solution for 30 min at room temperature. After three washes in PBS (5 min/wash), the cells were mounted for confocal image analysis.
To test for APLP2 interaction with HLA molecules endocytosed from the plasma membrane, S2-013 cells were grown on glass cover slips, treated with anti-HLA-A,B,C antibody at 4°C, and incubated at 37°C for 30 min. At the end of the pulse period, remaining antibody bound to cell surface HLA class I molecules was removed by incubation of the cells in stripping buVer (0.5% acetic acid, 500 mM NaCl) for 90 s and then the cells were Wxed with 4% paraformaldehyde in PBS for 10 min. After Wxation, cells were incubated with rabbit anti-APLP2 antibody in staining solution for 1 h at room temperature, and washed three times (5 min/wash) with PBS. The cells were then incubated with Alexa Fluor 488 goat anti-rabbit antibody and Alexa Fluor 568 goat anti-mouse antibody in staining solution for 30 min at room temperature, washed again three times with PBS (5 min/wash), and mounted for image analysis. ImmunoXuorescence analysis was also used to show lack of colocalization between APLP2 and transferrin receptor, as well as to demonstrate the co-localization of early endosomal markers Rab5 and EEA1 and the recycling endosome marker Rab11 with APLP2 and endocytosed HLA class I molecules. The full methodological details for each of these speciWc experiments are provided in the relevant Wgure legends.
To analyze changes in the localization of HLA-A24 molecules in HeLa cells that expressed an increased level of APLP2, HeLa cells stably expressing HLA-A*2402 were cultured on glass cover slips and transfected with APLP2-FLAG using EVectene. At 24 h post-transfection, the cells were Wxed with 4% paraformaldehyde in PBS for 10 min. Fixed cells were incubated with a monoclonal antibody that recognizes HLA-A24 and a rabbit antiserum against the FLAG tag in staining solution for 1 h at room temperature. After three washes (5 min each) in PBS, the cells were incubated with a mixture of Xuorochrome-labeled secondary antibodies (Alexa Fluor 568 goat anti-mouse antibody and Alexa Fluor 488 goat anti-rabbit antibody) in staining solution for 30 min at room temperature, and then washed again three times (5 min each) in PBS. ImmunoXuorescence analysis was also used to show the co-localization of a Golgi marker with APLP2 and HLA-A*2402, and to demonstrate the co-localization of APLP2 and endocytosed HLA-A*2402 class I molecules in vesicles containing the early endosomal marker EEA1. The complete technical procedures for each of these speciWc experiments are included in the appropriate Wgure legends.
Flow cytometry
For the Xow cytometry assays, cells were Wrst suspended at 5 £ 10 6 /ml in PBS containing 0.2% BSA and 0.1% sodium azide. Cell suspension aliquots (0.1 ml each) were distributed into the wells of a 96-well plate. The cells were incubated with excess antibody or with only PBS + BSA/azide at 4°C for 30 min, washed twice, and incubated with a phycoerythrin-conjugated, Fc-speciWc F(abЈ) 2 portion of goat anti-mouse IgG (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA) for 30 min at 4°C. The cells were washed three times, resuspended in PBS + BSA/ azide, and analyzed with a FACSCalibur Xow cytometer and Cell Quest software (BD Biosciences, San Jose, CA, USA).
Results
Endogenous APLP2 molecules were found to associate with endogenous HLA class I molecules in intracellular vesicles of human tumor cells To begin our examination of the interaction of APLP2 with HLA class I molecules, we assessed the levels of APLP2 expressed by various human cell lines by Western blotting and normalized the results to beta-actin expression levels in the cell lines. As shown in Fig. 1 , the human tumor cell lines expressed divergent levels of APLP2 protein, ranging from high levels of APLP2 for the pancreatic tumor cell lines (Hs766T, S2-013 and SUIT2) to low levels in the lymphoma cell lines (SU-DHL-6 and CL-01). Results similar to those shown in the Wgure were obtained in three separate experiments. A Ewing's tumor cell line (A673) and a hepatoma cell line (Huh7) were also examined for APLP2 expression and found to express levels of APLP2 slightly lower than the breast carcinoma MDA-MB435S (data not shown). Thus, there was a wide range among the tumor cell lines in regard to APLP2 expression. The pancreatic tumor cell line S2-013, which has high APLP2 expression, was chosen for subsequent examination of APLP2/HLA class I co-localization. To learn whether APLP2 and HLA class I molecules colocalized within human tumor cells, we used immunoXuorescence. By permeabilizing S2-013 cells and staining for HLA class I molecules and APLP2, we demonstrated that APLP2 co-localized substantially with HLA class I molecules in vesicular compartments in these cells (see insets and arrows in Fig. 2a) . To examine whether APLP2 colocalized with endocytosed HLA class I molecules, cell surface HLA class I molecules on S2-013 cells were labeled with the anti-HLA-A,B,C antibody W6/32 and warmed to 37°C. Upon internalization of W6/32-bound cell surface HLA class I molecules at 37°C, we observed a substantial level of the endocytosed HLA class I molecules in APLP2-containing vesicles (Fig. 2b) . In contrast to the extensive co-localization of endocytosed HLA class I molecules and APLP2, we observed relatively little co-localization of endocytosed transferrin receptor and APLP2 (Fig. 2c) . By the presence of Rab5 (Fig. 3a) and EEA1 (Fig. 3b) , we identiWed many S2-013 vesicles in which HLA class I molecules and APLP2 were co-localized as early endosomes. These Wndings are consistent with our previous observation that K d molecules internalized from the cell surface are bound to APLP2 in Rab5-positive early endosomes in HeLa cells [52] . Furthermore, some of the S2-013 vesicles in which APLP2 and HLA class I molecules were both present could be characterized as recycling endosomes, as shown by the presence of Rab11 (Fig. 4) .
Endogenous APLP2 was demonstrated to bind to the endogenous HLA class I molecule in human tumor cells
To determine whether APLP2 bound to HLA class I molecules, we immunoprecipitated the HLA class I molecules from lysates of S2-013, MDA-MB435S, Hs766T, Huh7, and DU145 with W6/32. Our HLA typing of S2-013 and MDA-MB435S had shown that both cell lines expressed the HLA-A*2402 allele, and for those two cell lines we also performed immunoprecipitations with an anti-A24 antibody. By Western blotting, co-immunoprecipitated APLP2 was found associated to varied degrees with tumor cells' HLA molecules immunoprecipitated by W6/32 and anti-A24 antibody (Fig. 5a) . By comparison, immunoprecipitation of the transferrin receptor resulted in little coimmunoprecipitation of APLP2 (Fig. 5b) . As a control, eYcient immunoprecipitation of the transferrin receptor was veriWed by using the anti-transferrin receptor antibody to probe a Western blot of the same immunoprecipitates (data not shown).
HLA typing of S2-013 cells had also revealed that S2-013 cells expressed HLA-A*0206. To determine whether APLP2 bound equally well to A2 or A24, immunoprecipitations were done on lysates of 35 S-methionine/cysteinelabeled S2-013 cells with antibodies recognizing HLA-A2 or HLA-A24 (and the W6/32 antibody and anti-APLP2 serum as positive controls). (HLA-A*2402 and HLA-A*0206 radiolabel very similarly with 35 S-methionine/ cysteine, since they have nearly identical numbers of methionines and cysteines: Wve cysteines each, nine methionines in A*2402, and eight methionines in A*0206, according to the IMGT/HLA internet site http://www.ebi.ac.uk/imgt/hla/ .) The radiolabeled immunoprecipitates were electrophoresed and transferred to a membrane, which was then autoradiographed (Fig. 5c, upper panel) . Faint bands of the correct molecular weight to be APLP2 were present on the autoradiograph in the W6/32, anti-A24, and anti-A2 lanes, suggesting APLP2 co-immunoprecipitated with the HLA class I molecules (Fig. 5c, upper panel) . Some relatively light, diVuse, large molecular weight (>200 kD) bands were also detected on the autoradiograph, especially in the anti-APLP2, W6/32, and anti-A2 antibody lanes (data not shown), consistent with a previous report of high molecular weight glycosaminoglycan-modiWed APLP2 forms associated with H2-K d [39] . The immunoprecipitates were also probed on a Western blot with anti-APLP2 serum to verify the position of APLP2 (Fig. 5c, bottom panel) . The Western blotting data indicated that APLP2 bound both to HLA-A2 and -A24, and to HLA-A2 slightly more strongly than to HLA-A24 (Fig. 5c, bottom panel) .
Cell surface expression of transfected and endogenous HLA class I molecules is decreased by APLP2
In previous experiments with the mouse MHC class I molecule H2-K d , we demonstrated that the level of cellular APLP2 expression inXuenced H2-K d cell surface expression [24, 51, 52] . To test whether APLP2 aVects the cell surface expression of human MHC class I molecules, we examined APLP2's eVect on HLA-A2 and -A24, since we had ascertained these HLA molecules bind to APLP2 (as shown in Fig. 5c ). We transfected APLP2 into 721.221 cells expressing HLA-A2 or HLA-A24. The 721.221 cell line is a B lymphoblastoid cell line reported to lack endogenous HLA-A, B, and C molecules [41, 42] , and therefore 721.221 cells transfected with a single HLA class I allele have been used as a model to study eVects on a speciWc HLA class I molecule. Like the B lymphoma cell lines that we have tested (Fig. 1) , 721.221 expresses a very low level of total endogenous APLP2 [51] . We found that increased expression of APLP2 substantially lowers the level of HLA-A2 and HLA-A24 at the plasma membrane of these cells, reducing their expression by »24-34% (Fig. 6a) . Similar results were obtained by transfecting APLP2 into 721.221-A24 cells in a vector also expressing GFP, and gating on GFP-expressing cells in the Xow cytometry analysis (data not shown). Transfection of APLP2 into breast The cells were then washed three times with PBS (5 min/wash) and incubated with Xuorescently labeled secondary antibodies (Alexa Fluor 568 goat anti-mouse and Alexa Fluor 488 goat anti-rabbit antibodies) for 30 min at room temperature. Green APLP2, red folded HLA class I molecules, yellow co-localized APLP2 and HLA class I molecules. Yellow arrows indicate vesicles containing co-localized endogenous HLA class I and APLP2 molecules. More highly magniWed images of areas shown in the larger boxes are shown below the boxes. b S2-013 cells were incubated with mouse anti-HLA-A,B,C antibody (W6/32) at 4°C, then warmed to 37°C for 30 min. The cells were treated with stripping solution (0.5% acetic acid, 500 mM NaCl) for 90 s to remove non-internalized surface-bound antibody, and Wxed with 4% paraformaldehyde in PBS for 10 min. The cells were then incubated in staining solution with rabbit anti-APLP2 serum for 1 h at room temperature, washed three times (5 min/wash) with PBS, incubated for 30 min at room temperature with Alexa Fluor 488 goat anti-rabbit and Alexa Fluor 568 goat anti-mouse antibodies in staining solution, and washed three times with PBS (5 min/wash). More highly magniWed images of areas shown in the larger boxes are shown below the boxes. ConWrmation that APLP2 and endocytosed folded HLA class I molecules are located together in vesicles in S2-013 cells was obtained by taking z-section images. Serial z-section images were obtained every 0.4 m, and the crosshairs and arrows depict common membrane structures on a representative photomicrograph containing both APLP2 (green) and human MHC class I (red). These data verify that the indicated APLP2-and HLA-containing structures are identical (yellow) and not merely overlaid. Arrows indicate vesicles with colocalized endogenous APLP2 and endogenous, endocytosed HLA class I molecules. c As a negative control, S2-013 cells were incubated with mouse anti-transferrin receptor antibody at 4°C, and then were warmed to 37°C for 15 min. The cells were treated with stripping solution (0.5% acetic acid, 500 mM NaCl) for 120 s to remove non-internalized surface-bound antibody, and Wxed with 4% paraformaldehyde in PBS for 10 min. The cells were then incubated in staining solution with rabbit anti-APLP2 serum for 1 h at room temperature, washed three times (5 min/wash) with PBS, incubated for 30 min at room temperature with Alexa Fluor 488 goat anti-rabbit and Alexa Fluor 568 goat anti-mouse antibodies in staining solution, and washed three times with PBS (5 min/wash). The insets depict more highly magniWed images of areas shown in the larger boxes. Green APLP2; red transferrin receptor. For (a), (b), and (c), images were analyzed on a Zeiss LSM 5 Pascal confocal microscope and bar 10 m (Color Wgure online) carcinoma MDA-MB435S cells also resulted in a lower level of cell surface total (W6/32 + ) HLA class I molecules and HLA-A24 (which is endogenously expressed by MDA-MB435S) (Fig. 6b) . Thus, the level of APLP2 expressed by a human tumor cell line can aVect the surface expression of HLA-A2 and -A24 molecules.
Using confocal microscopy, we also analyzed the eVect of APLP2 on the surface expression of transfected HLA-A24 on HeLa cells (Fig. 7a) . In HeLa cells, co-localization of APLP2 and HLA-A24 could be seen in some small vesicular structures, as displayed in the Fig. 7b inset (note the magenta staining of two of the vesicles), and greater co-localization was observed in a compact perinuclear cellular compartment (Fig. 7a, b) . Consistent with our previous studies demonstrating that APLP2 and K d colocalize in the Golgi of HeLa cells [51] , the compact compartment in which APLP2 and HLA-A24 co-localized in HeLa cells was also identiWed as the Golgi complex (Fig. 7b) . In the absence of additional (transfected) APLP2, staining of HLA-A*2402 was intense at the outer edges of the cells (e.g., see the area indicated by an arrow on the upper left side of the Wrst and third panels of Fig. 7a ). In cells that were transfected with APLP2-FLAG, there was a visible reduction in the amount of HLA-A*2402 at or near the plasma membrane (e.g., see the area indicated by the arrow on the upper right side of the Wrst and third panels of Fig. 7a , and compare the area indicated by the upper arrow to the area indicated by the lower arrow in Fig. 7b) .
We also examined by confocal microscopy whether APLP2 co-localized with endocytosed HLA-A*2402 in HeLa cells expressing A*2402. Cell surface A*2402 molecules were labeled with anti-A24 antibody and the cells were incubated at 37°C. Following the internalization of the labeled molecules, we detected endocytosed A*2402 molecules co-localized with APLP2 in vesicles (Fig. 8a) that were identiWable as early endosomes by the presence of EEA1 (Fig. 8b) . Thus, when HLA-A*2402 endocytosis was induced, the presence of APLP2 in the endocytic vesicles bearing A*2402 could be clearly observed. 
Discussion
In this study, we demonstrated that elevated levels of APLP2 (due to APLP2 transfection) reduced the cell surface expression of endogenous, total (W6/32 + ) HLA class I molecules and the endogenous HLA-A24 allotype on MDA-MB435S tumor cells. We also over expressed APLP2 in the B lymphoblastoid cell line 721.221 transfected with HLA-A2 or -A24, and showed that HLA-A2 and -A24 expression at the plasma membrane decreased. Our discovery that increased expression of APLP2 reduced surface HLA class I suggests that high APLP2 expression in cancer might aid escape from immunosurveillance, since elevated APLP2 has been reported for some tumors [1, 10] .
We also attempted to determine whether APLP2-speciWc siRNA expressed in the pancreatic tumor cell lines S2-013 and Hs766T would cause an increase in surface HLA class I, but down regulation of APLP2 expression in S2-013 and Hs766T stopped proliferation of these cells in culture, and therefore MHC class I cell expression at the plasma membrane might be aVected secondarily by the cellular stress and changes in protein synthesis, transport, and turnover that likely would accompany such a rapid decrease in cell proliferation. For S2-013, we quantiWed this decrease in proliferation by MTT assay, and found that there was a 38% decrease in proliferation with APLP2 siRNA transfection (compared to control siRNA transfection) by 72 h after transient transfection. Hs766T cells transfected with APLP2 siRNA also had slowed proliferation relative to cells transfected with control siRNA (data not shown). Since APLP2 has been shown to aVect cytokinesis in some cells [32] , a disruption in cell cycle control may have resulted from the transfection of APLP2 siRNA into these cells. In contrast, in our earlier experiments done with HeLa cells, HeLa cell proliferation was unaVected by either transient or stable down regulation of APLP2 expression ( [52] and data not shown). Evidently, the inXuence of APLP2 on cellular proliferation varies depending on the cell type.
By Xow cytometric analysis, we evaluated the levels of MHC class I molecules on the surfaces of all the tumor cell lines for which we had APLP2 expression data from Western blots (Fig. 1 and data not shown) . We did not Wnd consistent correlation between APLP2 expression and surface MHC class I levels throughout the panel of tumor cell lines. This lack of correlation may be because many factors regulate MHC class I surface expression. In this case, such factors include the type of tumor (pancreatic tumor, breast tumor, and so forth), the levels of the proteins known to be directly involved in MHC class I assembly (such as tapasin and the transporter associated with antigen processing, which have been shown to be down regulated in some tumors), and the levels of other cellular proteins that indirectly aVect MHC class I or APLP2 [4, 21, 37] .
We found APLP2 was co-localized with folded HLA class I molecules by examining the cellular distribution of the molecules following endocytosis of HLA class I molecules from the cell surface. Evidence has been presented for MHC class I endocytosis by clathrin-independent mechanisms [31] and by clathrin-coated pits [11] , and MHC class I molecules expressed by B lymphoblastoid cells have been demonstrated to be continually endocytosed and recycled to the cell surface [33] . MHC class I recycling is dependent on the Eps15 homology domain-containing protein (EHD) 1, which induces the generation of tubules that hold internalized MHC class I molecules [5, 27] . An ortholog of EHD1 (EHD4) has also been shown to inXuence the recycling of MHC class I molecules [40] . The co-localization of APLP2 with endocytosed HLA class I molecules raises the possibility that APLP2 may inXuence HLA class I recycling and/ or degradation in tumor cells. At this point, we do not know what other endocytosed proteins, if any, in addition to MHC class I molecules may co-localize in endocytic vesicles with APLP2, but these Wndings do suggest that APLP2 preferentially co-localizes with endocytosed MHC class I Fig. 8 Endocytosed HLA-A*2402 molecules co-localized with APLP2 in early endosomes. a HeLa cells stably expressing HLA-A*2402 were transfected with APLP2-FLAG by the use of the EVectene transfection reagent. At 24 h, the cells were pulsed with anti-HLA-A24 antibody for 20 min. At the end of the pulse period, remaining cell surface-bound antibodies were removed by incubating the cells with stripping solution (0.5% acetic acid, 500 mM NaCl) for 90 s, and the cells were Wxed by incubation with 4% paraformaldehyde in PBS for 10 min. The cells were then incubated in staining solution with rabbit anti-APLP2 serum for 1 h at room temperature, washed three times (5 min/wash) with PBS, incubated for 30 min at room temperature with Alexa Fluor 568 goat anti-mouse and Alexa Fluor 488 goat anti-rabbit antibodies in staining solution, and washed three times with PBS (5 min/wash). Red HLA-A*2402; green APLP2-FLAG; yellow merged. Insets represent more highly magniWed images of the areas that are in the larger boxes. Arrows within the insets indicate some of the vesicles in which HLA-A*2402 and APLP2-FLAG are co-localized. b HeLa cells stably expressing HLA-A*2402 were pulsed with anti-HLA-A24 antibody for 20 min. After the pulse period, remaining surface-bound antibodies were removed by treating the cells with stripping solution (0.5% acetic acid, 500 mM NaCl) for 90 s, and the cells were Wxed by incubation in 4% paraformaldehyde in PBS for 10 min. The cells were then incubated in staining solution with Alexa Fluor goat anti-mouse 405 antibody for 30 min. After three washes of 5 min each with PBS, the cells were stained with rabbit anti-APLP2 serum and anti-EEA1 (IgG1) antibody for 1 h at room temperature, washed three times (5 min/wash) with PBS, incubated for 30 min at room temperature with Alexa Fluor 568 goat anti-rabbit and Alexa Fluor 488 goat anti-mouse IgG1 antibodies in staining solution, and washed three times with PBS (5 min/wash). Blue HLA-A*2402; red APLP2; green EEA1; white merged. Insets represent more highly magniWed images of the areas that are in the larger boxes. Arrows within the insets indicate some of the vesicles in which HLA-A*2402, APLP2, and EEA1 are co-localized. For both (a) and (b), the images were analyzed on a Zeiss LSM 5 Pascal confocal microscope and bar 10 m (Color Wgure online) molecules relative to at least one other protein that undergoes endocytosis (i.e., the transferrin receptor).
Overall, our study has provided new insight into the regulation of HLA class I molecule cell surface expression. Our Wndings have shown that human tumor cell lines express APLP2 in varied amounts, and that APLP2 binds HLA class I molecules in human tumor cell lines. HLA class I molecules internalized from the cell surface were found co-localized with APLP2 in vesicles, suggesting that APLP2 may be involved in regulating traYcking and turnover of HLA class I molecules. Furthermore, our results indicate that the amount of APLP2 expressed in cells aVects the level of HLA class I molecules at the plasma membrane. In total, these data suggest that APLP2 may play an important role in the regulation of antigen presentation by HLA class I molecules.
